Abstract. Previous studies of tooth size in twins and their families have suggested a high degree of genetic control, although there have been difficulties separating the various genetic and environmental effects. A genetic analysis of variation in crown size of the permanent incisors of South Australian twins was carried out, with structural equation modeling used to determine the relative contributions of genetic and environmental factors. Maximum mesiodistal crown dimensions of maxillary and mandibular permanent incisors were recorded from dental models of 298 pairs of twins, including 149 monozygous (MZ) and 149 dizygous (DZ) pairs. The analysis revealed that: (i) an adequate fit required additive genetic and unique environmental components; (ii) augmenting the model with non-additive genetic variation did not lead to a significant improvement in fit; (iii) there was evidence of shared environmental influences in the upper central incisors of males; (iv) the additive genetic component constituted a general factor loading on all eight teeth, with group factors loading on antimeric pairs of teeth; (v) unique environmental effects were mostly variable-specific; (vi) most factor loadings on antimeric tooth pairs could be constrained to be equal, indicating a symmetry of genetic and environmental influences between left and right sides; and (vii) estimated heritability of the incisor mesiodistal dimensions varied from 0.81 to 0.91.
Introduction
Tooth size in human populations has been the subject of numerous investigations to determine, among other aspects, the patterns of variability of different teeth, associations within and between the dental arches, and the relative degrees of influence of genetic and environmental factors. The findings have been reviewed recently by Kieser (1990) and Lauweryns et al. (1993) . An examination of within-pair differences in mesiodistal and buccolingual crown dimensions in 75 pairs of twins provided evidence for (i) strong genetic control of individual crown dimensions, (ii) the existence of independent genes or groups of genes contributing to variability in mesiodistal and buccolingual dimensions, and (iii) independent genetic determination of maxillary and mandibular teeth (Potter et al., 1976) . In fact, most evidence points to mesiodistal and buccolingual crown dimensions being to the largest extent genetically determined (e.g., Alvesalo and Tigerstedt, 1974; Garn, 1977) . Although morphogenetic field theory (Butler, 1939; Dahlberg, 1945) implies that there should be distinct patterns of heritability within each tooth class (incisor, premolar, and molar), results of previous investigations in twins and siblings have been inconsistent (e.g., Lundstrom, 1948; Alvesalo and Tigerstedt, 1974; Mizoguchi, 1977) .
Unfortunately, most previous studies of the dentition do not provide estimates of the role of common or family environment, maternal effects, interaction between genes (epistasis), or genotype-environment interaction, and so the estimates of heritability obtained probably represent the upper limit to the true values. Modern approaches to estimating heritability involve structural equation modeling, which allows hypotheses regarding the relative contributions of genetic and environmental influences to the variation within, and covariation between, variables to be tested (Joreskog, 1973; Martin and Eaves, 1977; Heath et al., 1989; Neale and Cardon, 1992) . Briefly, linear structural equation models are fitted to raw data or summary covariance or correlation matrices by maximum likelihood Figure 1 . Univariate path diagram showing four potential influences affecting the phenotypes of MZ and DZ twin pairs. P1 and P2 represent the phenotypes of the first and second twin pair members, respectively. The latent factors A, D, C, and E denote the additive genetic variation, non-additive genetic variation, common environmental variation, and unique environmental variation, respectively, for each twin. The double-headed arrows indicate the correlations (r) between latent factors in co-twins. The path coefficients, a, d, c, and e, indicate the relative importance of each of the contributing influences, A, D, C, and E (from Neale and Cardon, 1992). or other methods. Models may incorporate additive (A) and non-additive (D) genetic variation, and shared (C) and random (E) environmental effects, or a subset of these parameters. Along with efficient parameter estimates, the method provides a test of goodness-of-fit to the data. In one such investigation of Pima Indian families, it was estimated that 35% of the variance in the lateral incisor mesiodistal dimension was due to genetic and environmental transmissible (shared) factors, considerably less than that proposed in earlier studies (Potter et al., 1983) .
The aim of this investigation was to analyze the covariance structure of the mesiodistal dimensions of permanent incisor crowns in 298 pairs of South Australian twins, to quantify the relative contributions of genetic and environmental factors to each incisor, and to test whether the size of each tooth was determined independently. Heritabilities were also calculated and examined to see if they supported the predictions of Butler's field theory with respect to the central and lateral incisors.
Materials and methods

Study population and measurement methods
Alginate dental impressions were obtained from 82 female MZ and 67 male MZ twin pairs, 48 female DZ and 44 male DZ pairs, and 57 opposite-sexed DZ pairs. The twins ranged in age from 6 to 62 years, although 90% were between 10 and 25 years old, and the mean age was 16.5 years. Corrections for age were not considered necessary, since the final sizes of dental crowns are determined before emergence of the teeth into the oral cavity, and since measurements were precluded where there was any evidence of attrition affecting the dimension. Before proceeding with modeling of covariance structure, we explored the data to test for any genotype-by-environment (GxE) interaction, and to determine the likelihood of detecting any non-additive genetic variation that may have existed. The presence of GxE interactions may be indicated by significant regression of MZ pair variances on MZ pair means (Jinks and Fulker, 1970) . In the absence of GxE interaction, directional dominance is indicated by significant regression of DZ pair variances on DZ pair sums, or by significant coefficients of skewness evident in DZ twins only (Martin et al., 1978) . The probability of detecting dominance by fitting models to twin data is generally low, even when there are complete dominance and high heritability, unless it has a strong directional component (Martin et al., 1982) . As a test for GxE interactions and directional dominance in our data, the absolute pair difference, which is proportional to the square root of the intrapair variance, was regressed onto pair sum, and onto the square of the pair sum. In case the relationship was not linear, square and logarithmic (log) transformations of the data were also tested for significant regression. Coefficients of skewness were calculated and compared between MZ and DZ twin pairs.
Structural modeling was then implemented, with the program Mx (Neale, 1994) used to account for genetic and environmental covariation between the incisor crown dimensions. Implicit in our model-fitting procedure were all the usual assumptions of the twin method-that mating is random, that trait-related shared environmental influences on MZ and DZ twins are equal, and that there is no GxE interaction or gene-environment covariation (Jinks and Fulker, 1970) . Fig. 1 shows four of the influences which can be modeled (A, C, D, (Grayson, 1989; Hewitt, 1989) , so that a twin model may not contain both D and C. Variable-length files of raw data were set up as described in Neale (1994) and utilized directly for the univariate analyses. For the multivariate analyses, the input data took the form of variance-covariance matrices, generated for each of the five twin sex-zygosity groups, by means of the preprocessor, PRELIS (Jbreskog and Sorbom, 1986) . List-wise deletion of twin pairs with one or more missing values, necessary to produce positive-definite variance-covariance matrices, would have resulted in the loss of up to 26% of the data. Since the proportion of the total data set missing was reasonably small, ranging from 1.4% for the lower lateral incisor to 6.2% for the upper lateral incisor ( (Mather, 1974) . Path coefficients (a, d, c, e) were estimated, and x2 values for goodness-of-fit of the models were calculated. Akaike's Information Criterion (AIC = x2 minus two times the degrees of freedom) was used to indicate the parsimony of each model (Akaike, 1987) . The smaller or more negative the AIC, the better the parsimony and fit of a model. The general approach is that of accepting a more complex model only when a simpler one has failed. In addition, comparisons of the x2 and AIC values between complex and simpler models may indicate significance of the various components. Various hypotheses can be tested by setting different combinations of paths to zero, and examining the difference between the resulting goodness-of-fit x2 and AIC values. We estimated heritability (h2) from the ratio of genetic variation to total phenotypic variation, using the parameter estimates from the model with the best fit. The most parsimonious model for each tooth was applied to four subsets of the data base, namely, female same-sexed twin pairs, male same-sexed twin pairs, all four same-sexed twin groups, and the five sex-zygosity groups. We evaluated heterogeneity of causes of variation between the sexes by adding the x2 values for the fits of the model to male and female groups separately, and then subtracting this sum from the x2 generated by fitting the model jointly to the four groups.
The multivariate analysis was conducted for each gender separately and was comprised of three main steps, each of which utilized the best model from the previous step. In the first stage, Cholesky decomposition models were applied to all eight variables. These Fig. 2 . The first factor (Fl) loads on all the variables, the second (F2) loads on all but the first variable, the third (F3) loads on all but the first and second variables, and so on (Neale and Cardon, 1992 display a worse fit than this by the x2 criterion, but are preferred if more parsimonious (as estimated by AIC) or more appropriate on theoretical grounds. The first model again consisted of an E matrix alone, followed by AE, CE, ACE, and ADE models. In the second stage, principles of parsimony and biological theory were used to test models involving combinations of factors loading on all eight incisors ("general" factors) and factors loading on one or more pairs of incisors ("group" factors). Once a favorable genetic model was determined, the third step involved the same approach to elucidate the structure of the individual environmental covariation. Finally, as in the univariate analysis, x2 tests of heterogeneity between male and female data were applied to the most parsimonious models, and estimates of heritability were obtained.
Results
Measurement reliability
The mean squared differences between the sets of measurements obtained by the two investigators were small, with no value exceeding 0.01 mm. The technical error of measurement, or Dahlberg statistic (Dahlberg, 1940) , averaged 0.06 mm, with a range of from 0.04 to 0.07 mm.
The reliability of the measurement technique was estimated as the ratio of true to observed variance, where the true variance was calculated as the observed minus the error variance. For our test-retest data, the estimated (interobserver) reliability of measuring dental casts ranged from 0.96 to 0.99, with an average value of 0.98.
Descriptive statistics
The mean values and standard deviations for each crown dimension in males and females are listed in Table 2 . Student's t tests revealed significant differences in mean values between the sexes for all eight incisors (p < 0.001), with males having larger teeth than females. Variance ratio tests revealed no significant differences in variances between the sexes (p > 0.05). There was no evidence of a relationship between mean and variance from either variance ratio tests or regression analysis of pair variances on pair sums. Further t tests revealed no significant differences in average incisor crown size between first-and second-born twins or between the zygosities in either sex (p > 0.05).
Correlation coefficients for pairs of tooth dimensions within each sex are given in Table 3 . All correlations were significant (p < 0.001). The strongest correlations were between antimeric teeth, with values ranging from 0.85 to 0.94. Table 4 Testing for genotype by environment interaction and directional dominance For the raw data, regressions of absolute pair difference on pair sum and pair sum squared did not suggest GxE interaction or directional dominance. Only two of the 40 regressions (eight teeth by five twin groups) of absolute pair difference on pair sum were significant (p < 0.05), these being for the lower left lateral incisor in MZ males and the lower left central incisor in DZ females. The same variables provided significant results for the regression on pair sum squared, as did the lower right lateral incisor in MZ males. The square and log transformations of the data did not improve linearity. Above all, there was no evidence of stronger relationship between these variables in DZ compared with MZ twins. These tests provide little evidence of dominance in the data.
Univariate analyses A model with only a unique environmental factor (E) was rejected (p < 0.001) for all groups and all variables. The AE model was adequate for all variables except for the upper right central incisor in the "Male" group and in the "All" group. Table 5a shows the squared standardized parameter estimates for the AE models fitted to each incisor crown j Dent Res 74(7) 1995 (14) 40 (14) 41 (14) 41 (14) 39 (14) 52 (13) 50 (13) 33 (14) MM 37-43 54 (14) 76 (11) 61 (13) 47 (15) 45 (14) 60 (13) 56 (13) 
Multivariate analyses
The results of the first stage of the multivariate analysis (Table 6) were consistent with those of the univariate analyses, in that the AE model displayed the best fit for each gender (Model 3). In the second stage, one of the best-fitting models for the additive genetic covariation (Model 9) was comprised of a general factor and four group factors, one each for the antimeric pairs of incisors. The general genetic factor alone was demonstrated to be insufficient, with the differences in x2 values between Models 9 and 10 being 193.3 for females and 169.1 for males (8 df; p < 0.001). The group factors for antimeric tooth pairs were also insufficient on their own, with the differences in x2 values between Models 9 and 11 being 183.2 for females and 173.1 for males (8 df; p < 0.001). For the females, the fit improved when symmetry Tables 7a and 7b . The largest factor loadings were on the diagonal of the matrix, indicating that the effects of environment on each tooth separately were greater than those on any groupings of the teeth. The second highest loadings involved antimeric teeth. Exploration of the unique environmental covariation thus began with models comprising a general factor affecting all eight incisors and eight specific factors, one for each tooth. When these submodels were applied for the unique environmental covariation, the shift from Cholesky decomposition to one general and eight specific factors improved the fit for the males, but worsened it for the females, with a difference in x2 of 68.3 (20 df; p < 0.001). As with the additive genetic variation, the differences in x2 values between models indicated that the environmental covariation contained both group and specific factors. Comparison of models 16 and 17 yielded x2 = 73.6 for females and x2 = 23.5 for males (8 df; p < 0.01). The model with a general factor alone was so unlikely, it resulted in a nonsensical x2 and probability level. Symmetry constraints on all factors improved the fit for both sexes (Model 18). The path diagram for this model is depicted in Fig. 3 . The factor loadings of additive genetic and individual environmental components are summarized in Fig.  4 . Heritability estimates (h2) ranged from 0.81 to 0.91 in females, and from 0.84 to 0.89 in males (Fig. 5) . Model 18 was used to test the data for heterogeneity of fit between sexes. This model produced a goodness-of-fit of x2 = 338.3 for females, x2 = 352.0 for males (256 df; p < 0.001), and x2 = 724.1 (528 df; p < 0.01) when fitted to all four same-sexed matrices. Subtracting the sum of the x2 values for the sexes considered separately from the third (joint) fit gave a heterogeneity Chi-square of x2 = 33.8 (16 df; p < 0.01), indicating significant heterogeneity between female and male twins. Discussion
Descriptive statistics The only significant difference in the distributions of male and female data involved the means, with males having larger incisors than females. The correlation analysis provided evidence of common environmental influences on the upper central incisors in males, since DZ correlations were almost as high as those for MZ twins. In fact, the DZ correlations were greater than half the MZ correlations for all eight variables in the males, especially for all central incisors and for the lower central incisors in the females.
Beyond this, the correlations suggested an influence of unique environment-since MZ correlations were less than one-and additive genetic factors where DZ correlations were approximately half the MZ values. The difference in standard errors of the correlations between MZ and DZ twins is partly due to the smaller sample sizes of DZ compared with MZ twins, and partly indicative of genetic influence on tooth size.
Genetic and environmental components The main finding from both uni-and multivariate modelfitting was that variation in incisor crown size was explicable mostly by additive genetic and individual environmental variance, with no need for non-additive genetic or shared environmental variance. This supports the previous finding for the upper lateral incisor in Pima Indians (Potter et al., 1983) , in which most of the genetic variation was additive, with unique environmental effects as well. An expected artifact of the imputation procedure used for the multivariate analyses was the spurious occurrence of common environment, caused by the substitution of sexspecific means or values from the co-twin. Since common environment was not a significant factor in these analyses, the imputation procedure did not appear to have any significant impact on our findings. Our analyses revealed a general genetic factor (gene or group of genes) which influenced all of the incisors, in contrast to the evidence of independent genetic determination of maxillary and mandibular teeth advocated by Potter et al. (1976) . However, the finding is consistent with studies of individuals with chromosomal abnormalities (e.g., Alvesalo et al., 1991) , implying that human sex chromosomes influence the thickness of dental crowns, and also with recent molecular genetic investigations (Lau et al., 1989; Nakahori et al., 1991; Salido et al., 1992) showing that genes on the human sex chromosomes influence enamel formation. It has been hypothesized further that sequence differences between the genes on X and Y chromosomes contribute to the observed sexual dimorphism in tooth size (Lau et al., 1990; Fincham et al., 1991) . In addition to a general genetic factor, there were additive genetic influences on antimeric pairs of teeth, and unique environmental factors operating on each tooth, and on the eight incisors as a group. The slight reduction in goodness-of-fit to the female data which occurred when the model was changed from a Cholesky decomposition to one general and eight specific unique environmental factors was not considered biologically significant, but more a reflection of the power of the twin study to detect environmental influences, especially since the factor loadings displayed a pattern very similar to those in the males (Tables 7a and 7b ).
The only exception to the finding of additive genetic and individual environmental influences in our data involved the upper right central incisor in male twins, for which there was evidence of a common environmental effect. This is consistent with the relative magnitudes of the correlation coefficients in male DZ and MZ twins. The significant heterogeneity between females and males for this tooth suggests that genetic and environmental factors differed significantly between the sexes. On re-checking the data for outliers, we noted a pair of male DZ twins with unusually ra small teeth. When they were excluded from the analyses, the correlations decreased slightly, but the univariate and multivariate analyses and the x2 test for heterogeneity in the multivariate analyses remained unchanged. It is therefore unlikely that outliers were responsible for the apparent effect of shared environment.
One potential source of shared environmental contribution to tooth size is the hormonal composition of the uterine environment. In humans, males have larger teeth on average than females. If androgens contribute to increased tooth size and are able to diffuse from one twin to the other, then we might predict an increased similarity in dental dimensions of male DZ twins. This would be reflected in statistical analyses as a common environmental effect in males. In other mammals, testosterone diffuses between fetuses through the amniotic membranes (Fels and Bosch, 1971) , or via the maternal circulation (Meisel and Ward, 1981 brothers, than in females with twin sisters (Dempsey et al., 1994) , indicating a possible masculinizing effect on females. However, if this type of sibling interaction does occur, one would expect to find decreased variance among male DZ twins relative to male MZ twins (Neale and Cardon, 1992) .
No such decrease in variance was found in our data.
The lack of evidence for non-additive genetic variance in our data does not necessarily mean that it does not exist. Since the preliminary regression analyses of pair sums on pair differences showed no evidence of directional dominance, there was less a priori chance of detecting non-additive genetic variation. Additionally, if common environmental influences do exist, they will inflate additive genetic variation and deflate non-additive genetic variation (Martin et al., 1978) . Thus, the apparent absence of both non-additive genetic variation and shared environmental variation may be due to having insufficient power to detect them, a difficulty which further sampling may resolve. (Bulmer, 1970; Smith, 1974; Mizoguchi, 1977) .
Symmetry
The multivariate study indicated that all of the factors for both additive genetic and individual environmental variation operated similarly on antimeric pairs of teeth. The conclusion that antimeric teeth shared the same genetic determinants is consistent with other accounts (e.g., Potter et al., 1976) . In a study of dental crown traits in Mexican Indians and Afro-Belizeans, Baume and Crawford (1980) concluded that common genetic factors were likely to influence characters on both sides of the dental arch equally. Asymmetry was proposed to occur through local (Alvesalo and Tigerstedt, 1974) , 60% (Goose, 1971) , 64% (Townsend and Brown, 1978a,b) , and up to 72% (Rebich and Markovic, 1976) 
